This article reviews the recent advances in near-field radiative energy transfer, particularly in its fundamentals and applications. When the geometrical features of radiating objects or their separating distances fall into the sub-wavelength range, near-field phenomena such as photon tunneling and surface polaritons begin to play a key role in energy transfer. The resulting heat transfer rate can greatly exceed the blackbody radiation limit by several orders magnitude. This astonishing feature cannot be conveyed by the conventional theory of thermal radiation, generating strong demands in fundamental research that can address thermal radiation in the near field. Important breakthroughs of near-field thermal radiation are presented here, covering from the essential physics that will help better understand the basics of near-field thermal radiation to the most recent theoretical as well as experimental findings that will further promote the fundamental understanding. Applications of near-field thermal radiation in various fields are also discussed, including the radiative property manipulation, near-field thermophotovoltaics, nanoinstrumentation and nanomanufacturing, and thermal rectification.
INTRODUCTION
Conventionally, the theory of thermal radiation is based on the concept of blackbody, cast by Gustav Kirchhoff in 1860. A blackbody absorbs all energy of the radiation rays reaching it geometrically. Among all objects at the same temperature with the same geometry, a blackbody emits the largest amount of energy when measured in the same angular and spectral ranges. As such, the Stefan-Boltzmann law and Planck's law provide descriptions of the total and spectral characteristics of blackbodies. Thermal emission from real materials can be described by comparison with that emitted by a blackbody at the same temperature using a property called emissivity (also called emittance). Although care should be taken with regards to the proper definition of emissivity (spectral, total, directional, individual polarization versus polarization averaged, etc.) (Howell et al., 2010; Modest, 2003; Zhang, 2007) , the emissivity should be always smaller than unity in conventional thermal radiation: that is, thermal emission from real materials is always smaller than that from the blackbody in the far-field regime.
Conventional radiative transfer approaches are often not applicable when the geometric features or distances are smaller than the characteristic wavelength of thermal radiation based on the Wien's displacement law . Planck (1914) noted that the spectral distribution of blackbody radiation is derived based on the assumption that the geometric dimensions of the enclosure (also called a blackbody cavity) are much greater than the characteristic wavelength of thermal radiation. This condition makes Planck's law only applicable in the far * Corresponding author. Email: kpark@egr.uri.edu field, i.e., away from the surface of any objects. In essence, thermal radiation can be understood as electromagnetic (EM) waves emitted due to the random fluctuation of charges in the material. When a material is in thermal equilibrium at temperature T , charges such as free electrons (for metals) or ions (for polar materials) experience a random thermal motion and radiate the fluctuating EM field. While the average of the fluctuating electric or magnetic field is zero due to its random nature, the energy density and Poynting vector (which characterizes the energy flux) are nonzero and can greatly exceed the blackbody radiation depending on the dielectric and magnetic properties of materials (Rytov et al., 1987) . In particular, evanescent EM fields near the interface, which do not carry energy alone and exponentially decay from the interface, are coupled to carry a significant portion of energy across the gap when two objects are placed closer than the characteristic wavelength of thermal radiation. This phenomenon is known as photon tunneling and is responsible for the enhanced energy transfer in the near field, along with other near-field effects such as interference and surface polaritons (Zhang, 2007; Fu and Zhang, 2006; Basu et al., 2009) . Such near-field effects can also alter the far-field properties of nanostructured surfaces or objects. In the far-field, no matter how complex the structure is, the emissivity and transmittance cannot exceed unity. However, unique spectral-and angular-dependent radiative properties can be achieved by engineering nano/microstructures . Surface waves and photonic band structures are often utilized to enable unique optical properties of nano/microstructures .
Near-field radiation holds promise for applications in energy systems, nanofabrication and near-field imaging. Rapidly depleting reserves of fossil fuels and the concern of the global warming have placed a great demand of alternative power generation technologies. One of such technology is a thermophotovoltaic (TPV) system, which operates on the principle similar to that of solar cells (but with a lower bandgap) to generate electricity from thermal emission. A possible method of improving the performance of TPV systems is to employ nearfield thermal radiation for the energy conversion (Basu et al., 2007) . However, large near-field thermal radiation is not always favorable in some energy conversion systems: as revealed by Dillner (2008) , near-field thermal radiation needs to be suppressed to increase the thermoelectric energy conversion efficiency of thermotunneling devices. Besides the energy conversion, near-field thermal radiation has also been used for imaging beyond the diffraction limit (De Wilde et al., 2006; Kittel et al., 2005) . Furthermore, the concept of using near-field radiation as thermal rectifier has also been suggested (Otey et al., 2010; Basu and Francoeur, 2011a) . Limiting the magnitude of near-field radiation is critical for improving the performance of thermal tunneling devices (Dillner, 2008) . Another important application of near-field radiation is in the field of nanomanufacturing. Enhanced transmission of metallic films perforated with subwavelength holes stirred the interest in studying light transmission through nanostructures. Nanolithography techniques based on the surface plasmon waves have been demonstrated for patterning structures of less than 50 nm (Liu et al., 2005; Wang et al., 2006) . Furthermore, nanoscale direct writing has also been demonstrated using near-field optics coupled with femtosecond laser (Grigoropoulos et al., 2007) .
This review article provides a thorough review of near-field thermal radiation, covering the essential physics of fluctuational electromagnetism along with recent advances in fundamentals and applications of near-field thermal radiation. The remaining sections are organized as follows. Section 2 focuses on the essential physics of near-field thermal radiation by introducing the fluctuation-dissipation theorem, Dyadic Green's function, dielectric functions, and surface polaritons. Recent advances on the fundamental research of near-field thermal radiation are discussed in the following sections. Starting from near-field radiative heat transfer between two semi-infinite media, Section 3 discusses the upper limit of near-field radiative heat flux and the extremely small penetration depth of near-field thermal radiation, as well as energy streamlines -a novel way to elucidate the near-field energy propagation between semi-infinite media and multilayered structures. Near-field thermal radiation in other geometries, such as sphere-sphere and sphereflat surface, and between emerging nanomaterials is covered in Section 4, followed by the discussion of experimental observations of near-field radiative heat transfer in Section 5. Section 6 looks into the applications of near-field thermal radiation, including the manipulation of radiative properties, near-field thermophotovoltaics, tip-based engineering, and thermal rectification. In conclusion, a brief summary on the recent progresses in fundamentally understanding and engineering near-field thermal radiation is provided along with remarks on future research opportunities and challenges of the field.
ESSENTIAL PHYSICS OF NEAR-FIELD THERMAL RADIATION

Fluctuation-Dissipation Theorem
Thermal radiation between solids is traditionally treated as a surface phenomenon with the concept of emissivity, reflectivity and absorptivity of the surfaces. Radiation heat transfer in a participating medium is thus analyzed using ray optics, leading to the development of the radiative transfer equation (RTE) that considers emission, absorption, and scattering of thermally emitted rays in the medium (Howell et al., 2010) . Although RTE can determine the radiation distribution within the medium by computing the intensity along the propagation of radiation, this phenomenological equation does not fully account for the fundamentals of thermal emission and breaks down when wave interference and diffraction become important. To speculate the origin of thermal radiation, Rytov and his co-workers (1987) combined the fluctuation-dissipation theorem and Maxwell's equations to establish the fluctuational electrodynamics. According to the fluctuation-dissipation theorem, thermal radiation is essentially EM waves emitted from the fluctuating currents due to the random thermal motion of charges, known as thermally induced dipoles, in a medium. Thus the propagation of thermal radiation and its interaction with matter can be fully described in the framework of the fluctuational electrodynamics, in both the far-field and near-field regimes. When a material is in thermal equilibrium at temperature T , charges in the material -electrons in metals or ions in polar crystals -are subject to random thermal motions and generate fluctuating electric currents. The fluctuating electric density j(x, t), or j(x, ω) in the frequency domain, can be implemented in Maxwell's equations as an external source to make the equations stochastic. The key issue in calculating thermally induced, fluctuating EM waves is then how to determine the statistical properties of these random sources. According to the fluctuation-dissipation theorem (FDT), while the fluctuating electric density is averaged to zero (i.e., jm(x, ω) = 0 ) due to its random nature, the ensemble average of its cross-spectral spatial correlation function is nonzero and expressed as :
where represents ensemble averaging, and * denotes the complex conjugate. In Eq. (1), ε0 is the electrical permittivity of the free space, jm and jn (m, n = 1, 2, or 3) stands for the x, y, or z component of j, δmn is the Kronecker delta, and δ(x − x ) and δ(ω − ω ) are the Dirac delta function. Θ(ω, T ) is the mean energy of a Planck oscillator at the frequency ω in thermal equilibrium at temperature T and is given by Θ(ω, T ) = ω/[exp( ω/kBT ) − 1], where is the Planck constant divided by 2π and kB is the Boltzmann constant. Since only positive values of frequencies are considered here, a factor of 4 has been included in Eq. (1) to consistently use the conventional definitions of the spectral energy density and the Poynting vector (Fu and Zhang, 2006) .
Dyadic Green's Function
For prescribed geometric conditions and temperature, Maxwell's equations need to be solved in order to obtain the electric and magnetic field distributions. This can be done with the help of the dyadic Green's function, which makes the formulations simple and compact. With the assistance of the dyadic Green's function Ge(x, x , ω), the induced electric and magnetic fields due to the fluctuating current density can be expressed respectively in the frequency domain as volume integrations:
where G h (x, x , ω) = ∇ × Ge(x, x , ω) is the magnetic dyadic Green's function, µ0 is the magnetic permeability of vacuum, and the integral is over the region V that contains the fluctuating sources. The dyadic Green's function, Ge(x, x , ω) is essentially a spatial transfer function between a point source at location x and the resultant electric field E at x (Zhang, 2007) . Based on the ergodic hypothesis, the spectral energy Fig. 1 Schematic of near-field radiative heat transfer between two closely spaced semi-infinite plates, at temperatures T1 and T2, separated by a vacuum gap d.
flux is given by )
where S is the spectral Poynting vector, ω (and ω ) is the angular frequency. In order to compute the spectral Poynting vector at x, we should compute the cross-spectral density of electric and magnetic field vectors Ei(x, ω) and Hj(x, ω ) . The cross-spectral density can be written as
With the relationship between the fluctuating current densities and the temperature of the emitting medium being established through Eq. (1), the spectral radiative heat flux can be calculated using Eq. (5) once the dyadic electric Green's function, Ge(x, x , ω) is obtained. Since the dyadic Green's function depends on the geometry of the physical system, the following sections will briefly describe the dyadic Green's functions for two representative structures, i.e., for two semi-infinite media and multilayered media.
Two semi-infinite media: Let's consider near-field thermal radiation between two semi-infinite media separated by a vacuum gap (or a dielectric medium) of width d, when they are in thermal equilibrium at temperatures T1 and T2, respectively, where T1 > T2. Both media are nonmagnetic, isotropic, and homogeneous, and surfaces are parallel and smooth. As illustrated in Fig. 1 , dipoles in the media are in random motions, radiating space-time dependent fluctuating electric field, E(x, t). Cylindrical coordinate system is used so that the space variable x = r + z, with r-direction being parallel to the interface and z-direction perpendicular to the interface. β and γj refer to the rcomponent and z-component of the wavevector kj, respectively. Thus, kj = βr + γjẑ and k 2 j = β 2 + γ 2 j , for j = 0, 1, and 2. The magnitude of kj is related to the dielectric function εj by k0 = ω/c, k1 = √ ε1ω/c, and k2 = √ ε2ω/c, with c being the speed of light in vacuum and ε1 and ε2 being the dielectric functions (or relative permittivity) of medium 1 and 2, respectively. For the described two semi-infinite media, the dyadic Green's function takes the following form (Fu and Zhang, 2006; Joulain 
where x = rr+zẑ and x = r r+z ẑ. The unit vectors areŝ =r×ẑ and p 1(2) = βẑ − γ 1(2)r /k1. Note that t s 12 and t p 12 are the transmission coefficients from medium 1 to medium 2 for s-and p-polarizations, respectively, given by Airy's formula (Zhang, 2007) . Provided that t s 12 and t p 12 take into account multiple reflections in the vacuum layer, the dyadic Green's function describes the transfer of the electromagnetic fields through propagating waves (i.e., β < kj) and evanescent waves (i.e., β > kj), from a point source at x to a receiving point at x. Multilayered media: Dyadic Green's function for multilayered structures has been extensively used for calculating microwave thermal emission from layered media (Tsang et al., 1974) , thermal emission from 1-D photonic crystals (Narayanaswamy and Chen, 2005) , power generation in near-field TPV systems (Park et al., 2008) , and near-field energy transfer between bodies with thin film coatings (Francoeur et al., 2008; Fu and Tan, 2009) . Figure 2 shows the schematic of a multilayered structure containing N thin films sandwiched between two semi-infinite half spaces. Properties of the layers are different and are assumed to vary only in the z-direction. The layers can be metallic, dielectric or even be a vacuum gap and can have a temperature gradient across them. The dyadic Green's function between any two layers s and l in Fig. 2 is given by (Park et al., 2008) Ge(x, x , ω) = i 4π
where
Here, the subscript s denotes a source layer and l is the receiving layer. Note thatê + andê − are two unit vectors, which are given byê
respectively. The coefficients A,B,C, and D can be determined using the transfer matrix formulation (Zhang, 2007; Park et al., 2008; Francoeur et al., 2009 ).
There are four terms in the expression of F (β) because EM waves in each layer can be decomposed into upward and downward components due to multiple reflections at each interface. The first two terms account for the upward and downward waves in the l-th layer, respectively, which are induced by the upward waves in the source medium. Likewise, the last two terms denote the two waves in l-th layer due to the downward waves in the source medium (Tsang et al., 2004) . It should be pointed out that the terms havingê − s become zero if the source is in the bottom semi-infinite medium while the l-th layer is located above, and the terms havingê − l become zero if the l-th layer is the top semi-infinite medium or if there is free emission from multilayered structures. When both the source and receiver layers are semi-infinite, Eq. (7) will reduce to Eq. (6).
Dielectric Functions
Besides the fluctuation-dissipation theorem and dyadic Green's function, the dielectric function of materials should also be discussed to better understand near-field thermal radiation and its interactions with materials. If nonlinear optical effects are ignored, the polarization P is related to the electric field as P(x, ω) = ε0χe(x, ω)E(x, ω), where χe(x, ω) is the electric susceptibility of the medium and ε0 is the permittivity of vacuum (Griffiths, 2012) . The electric susceptibility indicates the degree of polarization of a dielectric material in response to the incident electric field, depending on the microscopic structure of the medium. The electric displacement vector D can be expressed as
where ε(ω) is the dielectric function or relative permittivity of the medium and is related with the electric susceptibility as ε(ω) = ε0 [1+ χe(ω)]. It should be noted that the spatial dependence term in the susceptibility and the relative permittivity drops out under the local assumption. This local assumption remains valid for near-field thermal radiation unless the vacuum gap is extremely small (less than 1 nm distance). In the extreme proximity, the dielectric function becomes nonlocal and its wavevector dependence must be considered (Joulain, 2008) . Recently, Chapuis et al. (2008a) calculated the near-field heat transfer between two semi-infinite gold plates using non-local dielectric function models and compared their results with the heat flux calculated using the Drude model for gold. They found that the non-local dielectric function saturates the near-field thermal radiation as the vacuum gap approaches zero, whilst local dielectric function erroneously diverges the thermal radiation . Equation (9) represents the displacement of charges inside the material upon the incidence of electric waves. Thus the dielectric function is the key property in understanding the light-matter interactions, and needs to be further discussed. Under the local assumption, the following sections will discuss two models of the dielectric function, the Drude model for metals (and semiconductors) and the Lorentz model for dielectrics.
Drude model for metals and semiconductors: The Drude model describes the frequency-dependent conductivity of metals and can also be extended to free-carriers in semiconductors. In a metal, electrons in the outermost orbits are "free" to move in accordance with the external electric field. The dielectric function of a metal can be modeled by considering the electron movement under the electric field and is related to the conductivity by (Zhang, 2007) 
where ε∞ accounts for high-frequency contributions, τ is the relaxation time (inverse of scattering rate), σ0 is the dc conductivity, and n and κ are the refractive index and extinction coefficient, respectively. Based on Eq. (10), the real and imaginary parts of the dielectric function can be expressed as ε = n 2 − κ 2 and ε = 2nκ, respectively. The plasma frequency is defined as ωp = σ0/(τ ε0), which is in the ultraviolet region for most metals. When ω < ωp, n becomes smaller than κ and ε becomes negative. At very low frequencies (ωτ 1), the real part of the dielectric function is much smaller than the imaginary part, and therefore, n ≈ κ. Generally speaking, metals become highly reflective in the visible and infrared regions.
Lorentz model for dielectrics: Unlike metals, the electrons in a dielectric are bound to molecules and cannot move freely. In contrast to free electrons, bound charges experience a restoring force given by the spring constant in addition to the damping force given by the scattering rate. There exist different kinds of oscillators in a real material, such as bound electrons or lattice ions. The response of a single-charge oscillator to a time-harmonic electric field can be extended to a collection of oscillators. Assuming N types of oscillators in a dielectric, the corresponding dielectric function can be given as (Zhang, 2007) 
where ωp,j, ω0,j, and τj may be viewed as the plasma frequency, resonance frequency and the relaxation time of the j-th oscillator, respectively. Since the parameters for the Lorentz model are more difficult to be modeled as compared to those for the Drude model, they are considered as adjustable parameters that are determined from fitting. It can be observed from Eq. (11) that for frequencies far greater or lower than the resonance frequency, the extinction coefficient becomes negligible and the dielectrics are completely transparent. Absorption is appreciable only when an interval (i.e., 1/τj) is around the resonance frequency. Therefore, the dielectric becomes highly reflective near the resonance frequency, and the radiation inside the material is rapidly attenuated or dissipated. The spectral region with a large imaginary part of the dielectric function is also called the region of resonance absorption.
Surface Plasmon (or Phonon) Polaritons
Another radiative phenomenon that is worthwhile to discuss here is the optical plasmon (or phonon) polariton. Plasmons are quasiparticles associated with oscillations of plasma, which is a collection of charged particles such as electrons in a metal or semiconductor (Raether, 1988) . Plasmons are longitudinal excitations of electron charges that can occur either in the bulk or at the interface. The field associated with a plasmon is confined near the surface, while the amplitude decays away from the interface. Such a wave propagates along the surface, and it is called a surface electromagnetic wave. Surface plasmons can be excited by electromagnetic waves and are important for the study of optical properties of metallic materials, especially near the plasma frequency, which usually lies in the ultraviolet.
In addition to the requirement of evanescent waves on both sides of the interface, the polariton dispersion relations given below must be satisfied (Raether, 1988; Park et al., 2005) :
This means that the sign of permittivity must be opposite for media 1 and 2 in order to couple a surface polariton with a TM wave. A negative Re(ε) exists in the visible and near infrared for metals like Al, Ag, W, and Au. When Eq. (12) is satisfied, the excitation of surface plasmon polariton (SPP) interacts with the incoming radiation and causes strong absorption. Lattice vibration in some dielectric materials like SiC and SiO2 can result in a negative Re(ε) in the mid-infrared. The associated surface electromagnetic wave is called a surface phonon polariton (SPhP). On the other hand, magnetic materials having negative permeability are necessary to excite a surface polariton for a TE wave. Some metamaterials can exhibit negative permeability in the optical frequencies, and negative index materials exhibit simultaneously negative permittivity and permeability in the same frequency region. Therefore, both TE and TM waves may excite SPPs with negative index materials (Park et al., 2005) or with bilayer materials of alternating negative ε and µ, the so-called single negative materials . The condition for the excitation of surface polaritons is that the denominator of Fresnel's reflection coefficient be zero. A pole in the reflection coefficient is an indication of a resonance. Taking a TM wave for example, one can solve Eq. (12) to obtain (Zhang, 2007) 
This equation is called the polariton dispersion relation, which relates the frequency with the parallel component of the wavevector. For nonmagnetic materials, it becomes
One should bear in mind that the permittivities are in general functions of the frequency. For a metal with a negative real permittivity, the normal component of the wavevector is purely imaginary for any real kx, because (µεω 2 )/c 2 < 0 . Thus, evanescent waves exist in metals regardless of the angle of incidence.
The requirement of evanescent waves on both sides of the interface prohibits the coupling of propagating waves to the surface polaritons. Figure 3 qualitatively shows a dispersion curve of surface polaritons from Eq. (15) along with the dispersion line of the light propagating in a dielectric having a refractive index nd, suggesting that the propagating light cannot excite the surface polariton. In order to couple propagating light with surface polaritons, we critically need a coupler that can shift the dispersion line of the light to match the parallel (or in-plane) wavevector component to that of the surface polaritons (Raether, 1988) . Two conventional surface polariton couplers being widely accepted are a metal-coated prism and a metallic grating structure, whose configurations and mechanisms of light-SP(h)P coupling are schematically illustrated in Figs. 3 and 4. For a metal-coated prism coupler (or Kretschmann coupler), the in-plane wavevector of the incident light becomes kx = npk0 sin θ, where np is the refractive index of the prism and k0 = ω/c is the propagating wavevector in vacuum, when the light is incident on the metallic thin film of the prism side with the incidence angle θ. Owing to the large refractive index of the prism, the dispersion line of the incident light shifts to a greater kx, or to the right in Fig. 3(b) , to intersect with the dispersion curve for the surface polariton: A metal-coated prism can excite the surface polariton. When the light is incident on the grating structure as shown in Fig. 4(a) , the Bloch-Floquet condition becomes kx,j = kx + 2πj/Λ, where j is the diffraction order and Λ is the grating period. The inplane wavevector of the diffracted light can increase by a factor of 2πj/Λ depending on the diffraction order, shifting the light dispersion to couple with the SPP. It should be noted that the grating coupler can excite multiple surface polaritons even at the normal incidence. (Zhang, 2007) . Note that kx = (ω/c) sin θ.
lines) are folded. The solid lines correspond to an incidence angle of 30
• and are also folded. The intersections identify the location where SPPs can be excited for a TM wave incidence, when the magnetic field is parallel to the grooves.
The excitation of surface polaritons makes a significant effect on near-field thermal radiation. As briefly mentioned in the introduction, the enhancement of heat transfer rate in near-field thermal radiation is because photon tunneling enables evanescent EM waves to carry radiative energy across the vacuum gap. Among the involved evanescent waves, those that match with the dispersion relation of the surface polariton will resonantly enhance the absorption of the evanescent EM fields. Thus near-field radiative heat transfer can be greatly enhanced with the surface polariton excitation. Moreover, surface polaritons play a crucial role in tailoring the spectral and directional radiative properties of materials. For example, coherent thermal emission can be realized by exciting surface polaritons in grating structures and truncated photonic crystals. Further discussion is deferred to later sections 3. NEAR-FIELD RADIATIVE ENERGY TRANSFER BETWEEN TWO SEMI-INFINITE MEDIA
Formulation of Near-Field Radiation
Consider the structure shown in Fig. 1 , where both the emitter and receiver are n-doped silicon. The emitter and receiver are assumed to be at 400 and 300 K, respectively. The dielectric function model of doped Si may be modeled as a combination of Drude term and other contributions (Fu and Zhang, 2006 ) and the details are described in (Basu et al., 2010a,b) . The total heat transfer between two media can be expressed as 
Note that the integration of s(ω, β) over ω gives a weighted function to modify the Planck blackbody distribution function. Expression of s(ω, β) is different for propagating (β < ω/c) and evanescent (β < ω/c) waves,
and,
In Eqs. (17) and (18), the first term on the right-hand side refers to the contribution of s-polarization or TE wave, while the second term refers to the contribution of p-polarization or TM wave. Note that r s 0j = (γ0 − γj)/(γ0 + γj) and r p 0j = (εjγ0 − γj)/(εjγ0 + γj) are the Fresnel reflection coefficients for s-and p-polarization, respectively, at the interface between vacuum and medium j (1 or 2). On the other hand, ρ0j = |r0j| 2 is the far-field reflectivity at the interface between vacuum and medium j. When different doping levels are considered, the location of the peak in s(ω, β) shifts towards higher frequencies with increased doping level.
Notice that s(ω, β) is independent of temperature and contains all the information about the material properties as well as the geometry of the emitting media. The predicted radiative heat transfer between two doped Si plates is plotted in Fig. 5(a) as a function of the vacuum gap width (Basu et al., 2010b) . Both plates are maintained at the same doping level, which is varied from 10 18 to 10 21 cm 3 . The dotted line with circles is the radiative heat flux between two blackbodies. The net heat flux at (at 300 K) versus the gap width for Si at different doping levels. The dash-dotted line refers to the net energy transfer between two blackbodies maintained at 400 and 300 K, respectively; and (b) effect of doping on the net energy transfer between two doped Si plates separated by 1 nm vacuum gap (Basu et al., 2010b) .
19 or 10 20 cm 3 doped Si plates can exceed that between two blackbodies by five orders of magnitude, because of photon tunneling and surface waves. Increase in the doping level of Si does not always enhance the energy transfer. In fact, the radiative heat transfer is the smallest for 10 21 cm 3 doped Si plates as compared with other doping levels considered here. At d > 200 nm, doping concentrations between 10 18 and 10 19 cm 3 yield the largest radiative heat transfer, which is comparable to that between SiC and SiC. A detailed parametric study has been performed to determine the ideal Drude or Lorentz dielectric functions that yield the largest near-field enhancement (Wang et al., 2009). Figure 5(b) illustrates the effect of doping concentration on nanoscale energy flux when the vacuum gap width is fixed at d = 1 nm. The doping level of medium 1 is represented as N1 while that for medium 2 is represented by N2. Generally speaking, surface waves are better coupled when the two media have similar dielectric functions. As a result there exist peaks when N1 ≈ N2, at doping levels up to 10 20 cm 3 .
The enhancement of near-field radiation in metallic and polar materials can be well explained by surface polaritons. The coupling of SP(h)Ps allows a significant increase in the function given in Eq. (18) for evanescent waves. Furthermore, for magnetic materials, the enhancement can occur for both s− and p−polarizations, resulting in multiple spectral peaks in near-field radiative transfer Joulain et al., 2010; Zheng and Xuan, 2011) . It should be noted that for intrinsic Si or dielectric materials without strong phonon absorption bands, the tunneling is limited and saturate at extremely small distances. Also, for good metals, the SPP excitation frequency is too high to significantly enhance thermal radiation unless the distance is less than 1 nm Basu and Francoeur, 2011b) . Figure 6 illustrates the surface wave effects on the enhancement of near-field thermal radiation by comparing the contour plots of s(ω, β)/2π for SiC plates separated at 100 nm in Fig. 6 (a) and for 10 20 cm 3 n−doped Si plates separated at 10 nm in Fig. 6 (b). Only TM waves are compared here since the contribution of TE waves is negligibly small. For simplicity, β is normalized with respect to ω/c. The brightest color represents the peak value at ωm = 1.79 × 10 14 rad/s and βm = 50ω/c for SiC, and at ωm = 2.67 × 10 rad/s and βm = 62ω/c for doped Si. The contribution of propagating waves (β < ω/c) to the overall heat transfer is negligible. As mentioned earlier, the resonance energy transfer in the near field around ωm is due to SPhP for SiC and SPP for doped Si, respectively.
The calculated dispersion curves for surface polaritons between two SiC and doped Si plates are also plotted as dashed lines in Figs. 6(a) and 6(b), respectively. Due to the coupling of surface polaritons at vacuum-SiC and vacuum-doped Si interfaces, there exist two branches of dispersion curves for the p polarization as follows:
Asymmetric mode :
The lower-frequency branch corresponds to the symmetric mode, and the higher-frequency branch represents the asymmetric mode (Park et al., 2005) . Note that for both doped Si and SiC, the dispersion relation becomes almost flat at ωmax implying that surface polaritons can be excited in a wide range of β, being responsible for the enhancement of thermal radiation through photon tunneling (Lee and Zhang, 2008) .
Upper Limit of Near-Field Heat Flux
For nonmagnetic materials, when β ω/c (evanescent waves), we have γ1 ≈ γ2 ≈ γ0 ≈ iβ. As a result, for dielectrics, r 
However, for metals, the contribution from TE waves is more significant when ω/c = β = |ε1|ω/c, whereas the contribution from TM waves is more important for β |ε1|ω/c ω/c (Chapuis et al., 2008a) . As a result, for metals, heat transfer due to TM waves becomes dominant at very short distances.
Using the relation, Im [(ε − 1)/(ε + 1)] = (2ε )/ |ε + 1| 2 , and assuming identical permittivity for both media, the spectral heat flux from 1 to 2 in the limit d → ∞ is given by (Basu and Zhang, 2009a) 
where ξ = βd, ξ0 = dω/c, and ε is the imaginary part of the dielectric function. As observed from Eq. (21) the heat flux will be inversely proportional to d 2 in the proximity limit. This means that the heat flux will diverge as d → 0 and its physical significance has been debated among researchers. It should be noted that the d −2 dependence is for contribution from the p−polarized electromagnetic waves only, since the contribution from the s−polarized waves will asymptotically reach a constant as d → 0. As the vacuum gap decreases, the energy transfer shifts to large values of the parallel wavevector component. A cutoff in the order of the lattice constant is imposed as the minimum spatial wavelength, which subsequently sets a maximum wavevector component parallel to the interfaces (Volokitin and Persson, 2004) . The imposed cutoff limits the number of modes for photon tunneling. Consequently, the radiative heat flux will experience a reduction as d → 0.
In order to consider the upper limit of near-field radiative heat flux, X(ω) shown in Eq. (16) should be modified to X(ω) = βc 0 s(ω, β)dβ to take into account the upper limit of the integration. Electrons in solids move in a periodic potential characterized by the Bloch wave, with a maximum wavevector of π/a at the edge of the first Brillouin zone. Here, a is the lattice constant, which is on the order of interatomic distance. This posts a limit on the smallest surface wavelength or cutoff wavevector parallel to the surface (Volokitin and Persson, 2004) . Take a typical value of a as 0.5 nm and note that there exists a maximum of X, i.e., Xmax = β 2 c /8. There exists an upper limit of the near-field radiative heat flux given by (Basu and Zhang, 2009a; Volokitin and Persson, 2004) 
for nonmagnetic materials. Note that q max is the ultimate maximum heat flux and is only achievable when d → 0. It is found that metals with a large imaginary part in the infrared can help reach such a limit at extremely small distances (Pendry, 1999) . For distances greater than a few nanometers, however, the situation is different. Basu and Zhang (2009a) considered a case in which both the emitter and receiver are assumed to have frequency-independent permittivity in order to identify the expression of the complex dielectric constant that will result in maximum heat flux. It should be noted that such a constant dielectric function cannot exist in reality because of the violation of Causality. When X was plotted against ε and ε in a 3D plot or a 2D contour for given d (say 10 nm), it was found that Xmax corresponds to ε = −1 at which surface waves exist. Figure 7 shows the calculated radiative heat flux between the two media (T1 = 300 K and T2 = 0 K) as a function of the vacuum gap for different values of ε and ε (Basu and Zhang, 2009a) . In most cases, ε is fixed at −1. For the sake of comparison, the energy transfer between two SiC plates is also shown in the figure using a frequency-dependent dielectric function. At 300 K, the upper limit of near-field heat flux is 1.4 × 10 11 W/m 2 , which is represented as the dashed horizontal line. The radiation flux between two blackbodies is 459 W/m 2 , which is several orders of magnitude smaller than near-field radiative transfer. The cutoff in β sets an upper limit on the maximum energy transfer between the two media. Hence, for each of the dielectric functions, there exists an optimal vacuum gap width (dm) that allows the maximum energy transfer. For ε = −1 + i0.1, it can be seen from Fig. 7 that dm = 0.6 nm, which also functions (Basu and Zhang, 2009a) . The temperatures of the two media are set to be 300 K and 0 K. The dielectric function is assumed to be frequency independent, except that for SiC for which the Lorentz model at 300 K is used.
maximizes X. The value of dm decreases with increasing ε , implying that the reduction in the energy transfer begins to take place at smaller vacuum gaps. Furthermore, the d −2 dependence in the energy transfer exists only when d > dm. At d > 2 nm, increasing ε results in a decrease of the heat flux. When ε = 0 + i10, the radiative heat flux is generally much smaller than those with ε = −1 but will keep increasing towards the upper limit as d unrealistically approaches zero. For the selected dielectric functions with ε = −1 and ε 1 , the energy transfer can be orders of magnitude greater than that between SiC plates. This is due to the assumed frequency-independent dielectric function, which results in the excitement of surface waves at almost every frequency. While no such materials can exist, the results provide some hints of appropriate dielectric functions that will result in optimal heat flux at different vacuum gaps. By introducing the cutoff in β, even for SiC, the d −2 trend ceases to exist at d < 0.6 nm. Instead, the nearfield radiative transfer reaches a plateau below d = 0.5 nm. performed a design optimization of the parameters in the Drude model and Lorentz model that can result in the highest near-field radiative flux at given distance and temperatures.
Penetration Depth in Nanoscale Thermal Radiation
Traditionally, radiation penetration depth in a solid, also called skin depth or photon mean free path, is defined as δ λ = λ/(4πκ), where κ is the extinction coefficient as discussed earlier. A film whose thickness is six times the skin depth can be treated as opaque in most applications. In the optical spectrum, the penetration depth of noble metals is usually 10 − 20 nm. For an evanescent wave, such as that induced under the total internal reflectance setup when light is incident from an optically denser medium to a rarer medium, the skin depth may be defined according to the 1/e attenuation of the field as δ = 1/Im(γ), where γ (purely imaginary) is the wavevector component perpendicular to the interface in the optically rarer medium. The electric and magnetic fields will decay exponentially and become negligible at a distance greater than about one wavelength. Hence, the skin depth is expected to be several tenths of a wavelength in a dielectric medium. However, in near-field radiation especially when SP(h)Ps are excited, an extremely small skin depth (on the order of the vacuum gap d) may exist even though the dominant wavelengths are in the infrared (Basu and Zhang, 2009b) . Furthermore, the skin depth is proportional to the separation distance. In essence, the skin depth in nearfield thermal radiation is a function of the vacuum gap as well as material properties (Basu and Francoeur, 2011b) .
For a very small gap, while ωm (see Fig. 6 ) remains constant as d decreases, the energy transfer is shifted towards a larger β, leading to greater near-field enhancement. For β √ εjω/c, γj ≈ iβ or Im(γj) ≈ β. There exists an evanescent wave (in medium 3) whose amplitude decays according to e −β(z−d) . Hence, the skin depth of the field becomes δF ≈ 1/β and the power penetration depth becomes δP ≈ 1/(2β). Using the multilayer Green's function, the z−component of the Poynting vector, which is proportional to the heat flux, can be calculated both inside the emitter and the receiver. The spectral and total Poynting vector distributions are plotted in Fig. 8 for SiC. The ordinate is normalized to the Poynting vector inside the vacuum gap. The energy flux in the emitter increases towards the surface, remains constant in the vacuum gap, and decreases in the receiver away from the surface. When the abscissa is z/d, the results are nearly the same for 1 nm < d < 100 nm. Surprisingly, the distributions are symmetric in the emitter and the receiver. The 1/e decay line is shown as the horizontal dashed line so that the penetration depth can be evaluated. Note that the calculated Poynting vector is integrated over all β values. As mentioned earlier, when SPP is excited, the energy transfer is pushed towards large β values; hence, the spectral penetration depth has a minimum near ωm.
As shown in Fig. 8 , the penetration depth is approximately 0.19d at 10.54 µm, where SPP is excited at the vacuum-SiC interfaces. The actual minimum penetration depth is located at 10.47 µm, corresponding to the Fig. 8 The distributions of the spectral and total Poynting vector (zcomponent) near the surfaces of the emitter and receiver (refer to Fig. 1 ), both made of SiC, normalized to that in the vacuum (Basu and Zhang, 2009b) .
maximum of X(ω). The penetration depth increases towards longer or shorter wavelengths, and the overall penetration depth based on the total energy flux is 0.25d, which is about 30% greater than δP evaluated at ωm and βm. For a thin vacuum gap, the SPhP dispersion is shifted to large β values, resulting in a shorter penetration depth. Hence, a 10-nm coating of SiC can act as an optically thick medium when d = 10 nm as predicted in Refs. (Francoeur et al., 2008; Fu and Tan, 2009 ). When d < 1 nm, the penetration depth is less than a monolayer, implying that the SiC emitter is completely a 2D solid. It should be mentioned that δP cannot be arbitrarily small. When d is comparable to or less than the interatomic distance, the radiative transfer cannot be explained by the local electromagnetic theory. Obviously, in such case, one cannot use its bulk dielectric function and also cannot set βc as infinity. Note that with magnetic materials, surface waves can be excited by both TE and TM waves. The penetration depth in near-field radiation between metamaterials has also been examined (Basu and Francoeur, 2011b) .
Energy Streamlines
The direction in near-field transfer cannot be determined by the wavevector as in the case of a propagating wave. From the wave point of view, phonon tunneling is through the coupling of evanescent waves since there exist a forward decaying and backward decaying waves in the vacuum gap, both with purely imaginary γ, the z−component of a wavevetor. In such case, the Poynting vector represents the direction of energy flow and the trace of Poynting vectors provides the energy streamlines (ESLs), which can be used to elucidate the energy propagation like fluid flow (Zhang and Lee, 2006) . Due to the random fluctuation of charges, the Poynting vectors are decoupled for different values of β (Lee and Zhang, 2008; Lee et al., 2007) . The ESLs are laterally displaced as they leave the surface of the emitter and reach the surface of the receiver. This lateral displacement is called a lateral shift (Basu and Zhang, 2009a) , which is different from the well-known Goos-Hänchen shift (Zhang and Lee, 2006) , may be important to determining the lateral dimension of the real system which can be modeled as infinite plates in near-field radiation. Figure 9 shows the ESL projected to the x−z plane at λ = 10.55 µm and d = 100 nm for β = 40ω/c in all three media for p−polarized waves (Lee et al., 2007) . The magnitude of magnetic field is overlaid as depicted by the colored contours (i.e., the brighter color indicates the greater value). To calculate the magnetic field, thin-film optics is employed with an assumption that a plane wave is incident from medium 1. The emission originated deeper from the surface than the radiation penetration depth could not reach the SiC-vacuum interface. Hence, the field distribution is nm. The magnitude of the magnetic field is denoted by colored contours and plotted along with the ESLs (Lee et al., 2007) .
plotted in the vicinity of the vacuum gap. It can be seen from Fig. 9 that negative refraction of energy path occurs at the interfaces between SiC and vacuum due to the opposite sign of their dielectric functions. The energy streamlines are curved except for medium 3 where no backward waves exist. The magnetic field oscillates in the lateral direction as a result of the excitation of SPhPs. Basu et al. (2011) applied fluctuational electrodynamics in multilayered structures to directly trace the energy streamlines not only in the gap and receiver but also in the emitter. It was found that when surface waves are excited, there is a larger lateral shift inside the emitter. Figure  10 shows the ESLs for combined TE and TM waves at d = 10 nm with different β values. Note that for propagating waves, β * = βc/ω < 1 and the shape of ESLs is independent of d in the proximity limit. For evanescent waves, the contribution of TM waves to the near-field radiation is dominant. At the SPhP frequency, ESLs for the same βd value are essentially the same. The resonance conditions may be denoted by ωm and βm. When d is very small, ωm depends little on d, whereas βm is inversely proportional to d as mentioned previously. The value corresponds to β * m = βmc/ωm = 450 when d = 10 nm. For propagating waves, all ESLs are located inside the conical surfaces bounded by the ESL at β = ω/c (Basu and Zhang, 2009a) . The ESLs inside the emitter and the vacuum gap are curved much more for evanescent waves than for propagating waves, as it is assumed to be semi-infinite and no backward waves exist. Because the receiver is treated as non-emitting (i.e., at zero absolute temperature), the streamlines in the receiver are straight lines. Figure 10 (b) suggests that the largest lateral shift occurs inside the emitter and the lateral shift increases with β. Hence, it is important to take the lateral shift inside the emitter into consideration when determining the minimum area needed for the emitter and receiver to be approximated as infinitely extended plates. In the receiver, the lateral shift can be written as θ(z, ω, β) = tan −1 (ε /ε ) when β * 1 (or β ω/c). Hence inside the receiver, ESLs for evanescent waves are parallel as seen in Fig. 10(b) . But this is not so for propagating waves when ESLs can intercept each other. The results obtained from this study will facilitate the design of experiments for measuring nanoscale thermal radiation. The method discussed above can be extended to the study of energy flux and streamlines between layered structures and materials with coatings.
NEAR-FIELD RADIATIVE ENERGY TRANSFER IN VARIOUS MEDIA
The previous section has made intensive discussions on the near-field radiative heat transfer between two half-spaces separated with a vacuum gap, including when they have thin coatings. We now discuss radiative heat transfer between different geometries, in particular between two spheres in Sec. 4.1, between a sphere and a half-space in Sec. 4.2, and between other geometries such as cylinders and gratings in Sec. 4.3, when they are held at different temperatures and separated in vacuum. In addition, near-field radiative energy transport in emerging materials will also be discussed in Sec. 4.4.
Near-Field Radiative Heat Transfer between Two Spheres
Near-field radiative heat transfer between two spherical nanoparticles has been theoretically predicted by modeling the nanoparticles as fluctuating dipoles (Volokitin and Persson, 2001; Dorofeyev, 2008; Chapuis et al., 2008b) . When there are two spherical nanoparticles whose dielectric constants are ε1 and ε2, the spectral power dissipated in particle 2 by the electromagnetic field induced by particle 1 can be written using the dipolar approximation as
where x2 is the position of the particle 2 and α2 = 4πR 3 (ε2−1)/(ε2+2) is the polarizability of a sphere of radius R having the relative permittivity of ε2. The electric field incident on the particle 2, Einc(x, ω), is created by the thermal fluctuating dipole of particle 1 at temperature T1: Einc(x2, ω) = µ0ω 2 Ge(x2, x1, ω) · p. Here, Ge(x2, x1, ω) is the electric dyadic Green's function between two dipoles in vacuum and expressed as (Domingues et al., 2005) Ge(x2, x1, ω) = ke
where d = |x2 − x1| is the distance between the sphere centers, I is the identity tensor, andûrûr is the dyadic notation of unit vectors. Because of thermal fluctuations, particle 1 has a random electric dipole that yields the correlation function of the dipole:
Equation (25) is in fact the primitive form of Eq. (1). By combining the above equations, we finally obtain the thermal conductance between two dipoles due to near-field radiative heat transfer that can be expressed as (Domingues et al., 2005) :
It should be noted that radiative heat transfer between two spheres has the d −6 spatial dependence, which is typical of the dipole-dipole interactions. The thermally fluctuating dipole at one nanoparticle induces electromagnetic field on the other nanoparticle to cause the second dipole to fluctuate. Equation (26) suggests that near-field radiative thermal conductance between two nanoparticles has a resonant behavior when the polarizability α has a resonance, or the dielectric constant approaches −2 in α 1(2) = 4πR 3 1(2) (ε 1(2) − 1)/(ε 1(2) + 2). Provided that the surface polariton resonance occurs when the dielectric constant approaches −1 in case the material is interfaced with the vacuum (Raether, 1988) , this resonant behavior is not directly related with the surface polariton resonance: instead, is named as the localized surface polariton resonance − grouped oscillations of the charge density confined to nanostructures (Hutter and Fendler, 2004) . The localized surface polariton resonance appears in the visible range for metals and in the infrared for polar materials.
While the dipole approximation elucidates the d −6 dependence of the near-field radiative heat transfer between two spheres, this dependence is valid only when R λT and d R1 + R2, where λT is the characteristic wavelength defined from Wien's displacement law , and R1 and R2 are radii of nanoparticles. However, near contact, the near-field radiative thermal conductance deviates drastically from the dipole approximation. This deviation results from the fact that when particles become very close, the charge distributions become nonsymmetric and cannot be described merely as two interacting dipoles (Pérez-Madrid et al., 2008) . For cases when the dipole approximation is not valid, calculation of near-field thermal radiation between two spheres becomes computationally challenging, mainly due to the difficulty in determining the dyadic Green's function. More realistic Green's function for the two-sphere configuration has been suggested by approximating nanoparticles as fluctuating multipoles (Pérez-Madrid et al., 2008) and by implementing the vector spherical wave expansion method . investigated the scattering between two spheres by expanding the electromagnetic field in terms of the vector spherical waves at each sphere and re-expanding the vector spherical waves of one sphere with the vector spherical waves of the second sphere to satisfy the boundary conditions. Recurrence relations for vector spherical waves were used to reduce the computational demands in determining translation coefficients of each spherical wave function term. Due to complexities in the formulations, the equations of the dyadic Green's function for two spheres are not included here but can be found from for a detailed derivation and Sasihithlu and Narayanaswamy (2011) for the convergence limit of the vector spherical wave expansion approach. Domingues et al. (2005) attempted to overcome the limitation of the dipole-approximation by using the molecular dynamics (MD) scheme. After computing all the atomic positions and velocities as function of time using Newton's second law, j fij = miẍi, where mi andẍi are the atomic mass and acceleration and fij is the interatomic force exerted by atom j on atom i, the power exchange between two nanoparticles (NP1 and NP2) is computed as the net work done by a particle on the ions of the other particle:
The interatomic force fij is derived from the van Beest, Karmer, and van Santen (BKS) interaction potential (van Beest et al., 1990) , in which a Coulomb and a Buckingham potentials are included. When the interparitlce distance is larger than the radii of spheres, i.e., d ≥ 4R for identical spheres with the radius R, the aforementioned methods (Domingues et al., 2005; Pérez-Madrid et al., 2008; have a good agreement with the dipole approximation (e.g., Volokitin and Persson, 2001 ): See Fig. 11 . However, at smaller interparticle distances, they show different trends. Figure  11 (a) shows that the thermal conductance predicted in Refs. (Domingues et al., 2005) and (Pérez-Madrid et al., 2008) has a higher gap dependence than d −6 , resulting in four orders of magnitude higher than the dipole approximation in the intermediate distance range, i.e., 2R < d < 4R. This enhanced heat transfer appears to be due to the contribution of multipolar Coulomb interactions (Pérez-Madrid et al., 2008) . However, as shown in Fig. 11(b) , the thermal conductance calculated by asymptotically approaches a d −1 slope when the interparticle gap distance is much smaller than the particle radius. This slope change is consistent with the result of the proximity approximation or the Derjaguin approximation (Derjaguin et al., 1956 ). In the Derjaguin approximation, the radiative heat flux between curved surfaces is approximated as the summation of heat fluxes between flat plates that integrate to form the profile of curved surfaces. The consequent thermal conductance is simplified as G12 ≈ πR ·d·hr(d, T ), where hr is the radiative heat transfer coefficient between flat surfaces. From the previous studies (Mulet et al., 2002; Fu and Zhang, 2006; Basu and Zhang, 2009a) , it was found that hr has d −2 dependence in the near-field regime. Therefore, the proximity approximation predicts the d −1 dependence in the near-field thermal conductance, which is in contradiction to the > d −6 dependence predicted in (Domingues et al., 2005; Pérez-Madrid et al., 2008) . While this discrepancy is likely due to the difference in the considered nanoparticle sizes, i.e., R = 0.72 nm − 1.79 nm (Domingues et al., 2005; Pérez-Madrid et al., 2008) versus R ≥ 20 nm , further theoretical and experimental investigations are required to resolve this contradiction in near-field thermal radiation between two spheres.
Another unresolved issue regarding the near-field thermal radiation between spheres is the drastic decrease of thermal conductance when they become in contact. MD simulation (Domingues et al., 2005) predicts that the contact thermal conductance would be 2-3 orders of magnitude lower than the conductance just before contact: see Fig. 11(a) . This drastic reduction is still an open question that cannot be explained with the fluctuation-dissipation theorem. At such sub-nanometric distance, nanoparticles cannot be treated as a thermodynamic system at local equilibrium: fluctuation-dissipation theorem is not valid (Pérez-Madrid  et al., 2003) . The knowledge gap on the thermal conductance change j;eq: ðT j Þ ¼ expðÀ j E n Þ= P n expðÀ j E n Þ being the canonical distribution, where j ¼ 1=k B T j and E n refers to the energy levels of the NP, then the current given through Eq. (9) reaches a nonzero stationary value,
The fact that each nanoparticle remains in local equilibrium with its proper bath corresponds with one among several possible metastable states of the composed system. We find the energy flux by multiplying Eq. (10) through by E n and canonically averaging, yielding
where we have defined the frequency ! ¼ Á=@, with Á representing the gap between energy levels, Âð!; TÞ ¼ "!Nð!; TÞ is the average energy of an harmonic oscillator and Nð!; TÞ ¼ 1=ðexpð"!=k B TÞ À 1Þ is the Planck distribution. The heat conductance follows by linearizing Eq. (11) with respect to the temperature difference:
is the temperature corresponding to the stationary state of the system. It should be noted that these two spheres of the same diameter maintained at different temperatures constitute a model corresponding to more realistic systems such as, for example, a hot tip in contact with a flat substrate, as mentioned above. When d ¼ 2c=!, a phononlike dispersion relation, Eq. (12) gives us the heat conductance as a function of the distance between the NPs. Here, the effective relaxation time Ã ð!Þ plays the role of an adjustable parameter which in general depends on the frequency according to the fact that for extremely close distances the system adopts a glassy behavior typical of complex systems.
The intricate slow dynamics which complex systems exhibit is represented by a hierarchy of relaxation times often given by a Kohlrausch-Williams-Watts law [17] , Ã ðtÞ ¼ a expðÀbt Þ, with 0 < 2, also known as stretched exponential and where is a matching parameter and a and b are constants which depend on the size of the NPs. This is an empirical time law, ubiquitous in disordered systems such as glasses which can be related to the distribution of residence times or the response function [16, 18] . Therefore, in our case we have tried a time law given by a stretched exponential to make Eq. (12) fit the available numerical simulation data [1]. We have found that an exponent ¼ 2 for which Ã ðtÞ as well as its Fourier transform Ã ð!Þ are Gaussians, gives an excellent fit. This is supported by Fig. 1 , where we have represented the heat conductance as a function of the distance d between the NPs of different effective radii R ¼ D=2. This figure shows a strong enhancement of the heat conductance when d decreases until around 2D nm due to multipolar interactions [6] . When both NPs are in contact, a sharp fall occurs which can be interpreted as due to an intricate conglomerate of energy barriers inherent to the amorphous character of these NPs generated by the strong interaction. The behavior shown in Fig. 1 
agrees with what Eq. (12) predicts since in this equation, the two factors k B @=4
Ã ð!Þ and fð@!k B T 0 Þ= sinhð@!=2k B T 0 Þg 2 compete. For large distances the dominant factor is the latter factor whereas at contact the former factor becomes the leading term. For large length scales, when Ã is almost a constant which corresponds with exponential relaxation, the fluctuationdissipation theorem is satisfied and we find the system in the fluctuation-dissipation regime. Therefore, the conclusions of our theory are clearly well supported by Fig. 1 which indicates that the hypothesis of the rough energy landscape is indeed reasonable.
As far as we know the decay in the thermal conductivity at contact is an open question not yet resolved. Here, based on the fact that the crystalline structure of the NPs rapidly disappears when the internanoparticle distance is decreased [1], the assumption that the resulting amorphous material self-organizes into an irregular distribution of energy barriers is the key to interpreting the origin of this decay. Namely, the classical maximum thermal conductance applies to the fluctuation-dissipation regime before contact in which the system preserves its crystalline structure and optical phonons are mainly excited. However, since it has been observed that both NPs become amorphouslike particles when they come closer together due to their strong interaction, we have supposed that they behave as glassy materials. In glasses as well as in other disordered materials, it is a known fact that the distribution of modes presents anomalies which result from an excess of low- 
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048301-3~d . The inset illustrates the sphere-sphere configuration for the identical sphere case. In (a), the marks represent molecular dynamics data obtained by Domingues et al. (2005) , where particles with effective radius R = 0.72, 1.10 and 1.79 nm were considered. The grey points represent the conductance when the particles are in contact. When bigger spheres are considered in (b), the gap dependence asymptotically approaches d −1 as the gap distance further decreases below the dipole approximation limit. 
Near-Field Radiative Heat Transfer between a Sphere and a Half Space
In this part, we discuss near-field thermal radiation between a small spherical particle and a semi-infinite medium, which can be considered as a simplified model of the scanning tunneling microscopy or scanning thermal microscopy (Volokitin and Persson, 2001) . Similarly to the previous section, the small particle can be approximated as a dipole of radius R with dielectric constant εP(ω) and temperature TP. The semiinfinite surface is maintained at temperature TB and has the dielectric constant εB(ω). The center of the particle is at a distance d above the interface. Then, the spectral mean power radiated by the half space and absorbed by the particle can be written as (Mulet et al., 2001 )
When the fluctuating currents inside the particles radiate into the half space and dissipate, the locally dissipated power per unit volume at a point x inside the space can be written as
is the polarizability of the dipole and Gnm(x, x , ω) is (n, m) component of the dyadic Green's function at x due to a point source at x in a system constituted by two semi-infinite media whose dielectric constants are either 1 if z ≥ 0 or εB(ω) if z < 0. It should be noted that the dipole polarizability needs to be corrected to take into account the interaction between the dipole and the interface when d is comparable to R (Dorofeyev, 1998) .
When PB→P(ω) is calculated for a SiC spherical particle at temperature TP = 300 K of radius R = 5 nm at different distances above the SiC surface (Mulet et al., 2001) , two peaks are observed at frequency ω1 ≈ 1.756 × 10 14 rad/s and ω2 ≈ 1.787 × 10 14 rad/s, each of which corresponds to the localized surface polariton resonance of the SiC particle (i.e., Re [εP] = −2) and the surface polariton resonance on the SiC surface (i.e., Re [εB] = −1), respectively. Moreover, nearfield radiative heat transfer increases showing the d −3 dependence as d decreases, enhanced by several orders of magnitude than the far-field thermal radiation. Another example is shown in Fig. 12 , which plots PP→B(ω) emitted from a SiC particle of radius R = 25 nm heated at TP = 1000 K to a gold surface right below the particle. There is a sharp peak at ∼930 cm −1 , corresponding to ω ≈ 1.756×10 14 rad/s or 10.6 µm when the tip is near the surface, suggesting that the heated SiC particle emits a quasi-monochromatic thermal radiation at around 10.6 µm in the near-field regime.
It should be noted again that the dipole approximation for a sphere is valid when R λT and d ≥ 2R. In the other extreme case, i.e., d R ∼ λT , the dipole approximation may not be valid, and instead we should use the proximity approximation (or Derjaguin approximation). Applying the proximity approximation for the sphere-flat surface case, the near-field thermal conductance has the d −1 dependence, instead of d −3 . This result was experimentally validated as will be discussed in the following section. A further research was conducted to seek the shape dependence of near-field radiative heat transfer when a spheroidal metallic nanoparticle is in proximity to a planar metallic sample (Huth et al., 2010) . By changing the aspect ratio of a spheroidal particle from 1/5 (long axis perpendicular to the surface) to 5 (long axis parallel to the surface) while fixing its volume, they predicted that the total radiative heat transfer between a gold spheroid at 100 K and a gold planar surface Fig. 12 Mean spectral power radiated from the SiC particle (of radius R = 25 nm and held at TP = 1000 K.) to the gold surface right below the particle.
at 300 K at the gap width of 100 nm changes from about half to two times of that between sphere and planar surface.
Near-Field Radiative Heat Transfer in Cylindrical Objects
While various geometries of nanostructures are being developed as potential candidates for efficient heat transfer sources, it is not an easy task to theoretically investigate radiative heat transfer from or between such nanostructures. The thermal radiation of long cylindrical objects whose thickness is in the range of the thermal wavelength is a good example, as it can be very different from the classical blackbody radiation described by Planck's law (Öhman, 1961) . Recent experimental studies on thermal radiation of an antenna-like platinum microheater (Ingvarsson et al., 2007; Au et al., 2008) , a single SiC whisker antenna (Schuller et al., 2009) , thin tungsten wires (Bimonte et al., 2009 ) and individual carbon nanotubes (Fan et al., 2009; Singer et al., 2011) demonstrated that thermal radiation from sub-wavelength cylindrical emitters has coherent features and thus can be polarized depending on the orientation of the emitters. Polarization effects were also observed from the thermal radiation of carbon nanotube bundles (Li et al., 2003) , which could be used to probe the degree of alignment inside the bundle. Some works (Schuller et al., 2009; Singer et al., 2011) further studied the polarized thermal radiation by developing a simple theoretical model based on the Mie theory and comparing with the measurement, revealing that the degree of polarization is affected by the optical conductance along with the geometry of the cylindrical thermal emitter. However, the Mie theory could not correctly deliver the frequency-dependence of the degree of polarization, requiring a more comprehensive theoretical model. The Kadar group at MIT has developed a general formalism to compute the heat radiation of arbitrary objects in terms of their classical scattering properties based on the fluctuation-dissipation theorem (Krüger et al., 2011; Golyk et al., 2012) . They predicted that the degree of polarization of the emitted radiation depends on the cylinder radius: if the radius is much smaller than the thermal wavelength, the radiation is polarized parallel to the cylindrical axis and becomes perpendicular when the radius is comparable to the thermal wavelength. Recently, near-field radiative heat transfer between cylinder-cylinder and cylinder-plate has been formulated. Carillo and Bayazitoglu (Carrillo and Bayazitoglu, 2011, 2012) modified the aforementioned vector spherical wave expansion approach for near-field sphere-to-sphere radiative exchange to make it applicable to cylindrical geometry of nanorods. The computation results on silica nanorods clearly show strong near-field effect on radiative heat transfer for the cylinder-cylinder case, but uniquely from the spherical case, this near-field enhancement is due to the larger geometric surface area that enables more photon tunneling of evanescent waves. They also asymptotically computed a nanorod-to-plate geometric configuration, where a nanorod lies in parallel to the plane, by increasing the radius of a nanorod while the other nanorod radius is held constant until the corresponding radiative heat transfer rate converges. A cylinder-to-plate configuration where the cylinder axis is perpendicular to the plate was investigated and compared with a sphere-to-plate and a sharp tip-to-plate cases (McCauley, 2012) . The near-field cylinder-to-plate heat transfer rate has a ∼d −2 gap dependence while the sphere-to-plate case shows a d −1 dependence, consistently with the proximity approximation. The tip-to-plate configuration has the least gap dependence in the near-field heat transfer rate and, interestingly, exhibits a local minimum heat flux directly below the tip that becomes deeper as the tip becomes sharper. The authors believe that this dip in the local heat flux is attributed to the more dipole-like radiative behaviors as the tip becomes sharper. While further experimental verifications need to be followed, the accumulated results manifest that a general numerical method to calculate near-field radiative heat transfer between arbitrary objects, including all the aforementioned geometries, is at hand.
Near-Field Radiative Heat Transfer in Emerging Materials
Most near-field thermal radiation studies to date have focused on naturally occurring materials, such as dielectrics, semiconductors, metals and polar materials. However, the advent of nanotechnology has enabled the integration of emerging materials, such as graphenes, photonic crystals, and metamaterials, in the near-field radiative heat transfer research. This section is thus devoted to provide up-to-date review of near-field radiation research where novel materials are involved.
Graphene: Graphene has recently received a keen attention due to its unique electronic (Novoselov et al., 2004 (Novoselov et al., , 2005 , mechanical (Frank et al., 2007) , and thermal properties, thus has been actively explored for next-generation technologies (Geim and Novoselov, 2007) . Among many graphene-based electronic and sensor applications, graphene field-effect transistors (FETs) are considered as a promising candidate that would resolve current challenges of Si-based FETs (Schwierz, 2010) . However, heat generation and dissipation in the graphene FET must be fundamentally understood prior to its reliable operation in commercial integrated circuits. Freitag et al. (2009) measured the temperature distribution of a biased single-layer graphene FET and found that 77% of the heat dissipation occurs at the gate stack (300 nm SiO2 film on silicon) directly below the active graphene channel, having an effective graphene-SiO2 interface heat transfer coefficient of hGr−SiO 2 ≈ 2.4 × 10 7 W/m 2 -K. Theoretical studies have followed to fundamentally understand the graphene-SiO2 interfacial thermal interactions. Persson and Ueba (2010a,b) studied heat transfer mechanisms between graphene and amorphous SiO2 in contact by including the heat transfer from the area of real contact as well as between the surfaces in the non-contact region, which may occur due to rough surfaces. Although it was concluded that most of the heat flows through the area of real contact, they were the first that considered nearfield thermal radiation in graphene-involved configurations. However, their near-field radiation calculation was based on the assumption that the free carriers in graphene had vanishing drift velocity, which may cause significant discrpancies from actual behaviors of graphene. The effect of drift velocity on the graphene-SiO2 near-field thermal radiation was explored by considering quantum fluctuations of free carriers along with thermal fluctuations in graphene (Volokitin and Persson, 2011) . For nonsuspended graphene on SiO2 (having a subnanometer separation), near-field radiation gives a significant contribution to the heat transfer in addition to the contribution of phononic coupling: the near-field radiative heat transfer coefficient can reach ∼10 8 W/m 2 -K at d = 0.35 nm when the biased electric field is in the low and intermediate range. On the other hand, suspended graphene with separation in the order of 1 nm has the near-field radiative heat transfer coefficient of ∼10 4 W/m 2 -K, which is significantly less than for the nonsuspended graphene case but still ∼3 orders of magnitude larger than the blackbody radiation limit (h bb ≈ 5 W/m 2 -K). Recently, two papers were concurrently published that analyzed the contributions of plasmons to near-field radiative heat transfer in graphene (Svetovoy et al., 2012; Ilic et al., 2012a) . Both studies were motivated by the tunability of plasmon frequencies in graphene from terahertz to the near infrared by changing the electron density . Nearfield radiative heat transfer between graphene-coated dielectrics can be larger than the best known materials for the radiative heat transfer − around two times the near-field radiative heat transfer coefficient between SiO2 (hSiO 2 −SiO 2 ≈ 300 W/m 2 -K at room temperature when the gap distance is ∼100 nm), and can be reduced 100 times or so (Svetovoy et al., 2012) . In addition, near-field radiative heat transfer between two graphene sheets can be enhanced up to three orders of magnitude the blackbody radiation limit as the gap distance is reduced to 10 nm (Ilic et al., 2012a) . These unique radiative features of graphene may offer a potential for a novel, hybrid thermophotovoltaic/thermoelectric solidstate energy conversion platform, as reported in Ref. (Ilic et al., 2012b) that proposed the application of graphene as a thermal emitter in a nearfield thermophotovoltaic system.
Periodic Structures: Near-field radiative heat transfer in periodic structures, such as nanoporous media (Biehs et al., 2011a) , gratings (Biehs et al., 2011b) , and photonic crystals (Ben-Abdallah et al., 2010; Rodriguez et al., 2011), has become a very interesting topic with promising future applications. By combining the fluctuation-dissipation theorem and the Maxwell-Garnett effective medium description for effective media, Biehs and his colleagues (2011a) studied radiative heat transfer between two semi-infinite nanoporous media, made of SiC having cylindrical inclusions oriented in the perpendicular direction to the surface. The obtained results reveal that for the small distance regime (d < 100 nm), the heat flux between the nanoporous media can be significantly larger than that between two homogeneous SiC plates in the same thermal conditions (e.g., ∼50% larger radiative heat flux when nanoporous media have a 0.5 filling factor and are separated by d = 10 nm). This increase is seemingly due to additional surface waves arising at the uniaxial materialvacuum interface. The same numerical scheme was applied to near-field heat transfer between two misaligned 1-D gratings (Biehs et al., 2011b) . As the twisting angle changes from the parallel grating configuration (φ = 0
• ), the near-field radiative heat flux between gratings is modulated significantly, up to 90% reduction for the perpendicular (φ = 90
• ) configuration when gold gratings with a filling factor of 0.3 are taken into account. This allows the manipulation of the heat flux at nanoscale.
Photonic crystals are another example of periodic structures. By periodically repeating dielectric or metallo-dielectric layers of high and low dielectric constants, the propagation of electromagnetic waves can be controlled to have a photonic band gap, i.e., wavelength band of disallowed photon propagation, giving rise to distinct optical phenomena such as inhibition of spontaneous emission, high-reflecting mirrors, and low-loss-waveguide (Yablonovitch, 1987; John, 1987) . Due to such unique radiative properties, photonic crystals have been applied to manipulate thermal radiation, such as wavelength-selective thermal emission (Pralle et al., 2002; Lin et al., 2003; Chen, 2005, 2004; O'Sullivan et al., 2005) and spectrally and directionally coherent thermal emission Lee and Zhang, 2006a,b; Lee et al., 2008a) . Near-field thermal radiation between photonic crystals has also been addressed with different approaches, including the use of dyadic Green's function along with the scattering matrix method (Francoeur et al., 2009 ), the expansion of Green tensors in terms of the intracavity fields (Ben-Abdallah et al., 2010) , and the finite-difference time-domain method (Rodriguez et al., 2011) . These theoretical investigations report that the strong coupling of surface Bloch states supported by photonic crystals makes near-field heat transfer several folds larger than that between two homogeneous plates at the same separation distance . Moreover, even frequency-selective near-field radiative heat transfer is possible with careful design of photonic crystals (Rodriguez et al., 2011) .
Metamaterials: Metamaterials are broadly defined as any artificial material engineered to achieve material properties that may not be found in nature, but narrowly referred to as materials with negative refractive index (Pendry, 2000; Shelby et al., 2001; Smith et al., 2002) . Metamaterials has emerged as a new frontier of optical and thermal radiation research, as it may realize innovative technologies such as superlenses, invisibility cloaks, and manipulation of radiative properties Liu and Zhang, 2011) . Near-field radiative heat transfer between metamaterials is thus an attractive research topic that may pave the way to the development of novel thermal management or energy harvesting. Earlier studies demonstrated that surface polaritons could be excited for both p-and s-polarizations when the refractive index becomes negative (Ruppin, 2000 (Ruppin, , 2001 Park et al., 2005) . Later, radiative and nonradiative heat exchanges between metamaterials were conducted by considering fluctuations of electric and magnetic currents density in semi-infinite metamaterials . They showed that the excitation of magnetic polariton resonance (when the magnetic permeability becomes −1) and the ferromagnetic behavior of materials under a strong magnetization (when the magnetic permeability becomes large) yield novel channels for energy transfer enhancement. The enhancement factor of near-field radiation, normalized to the blackbody radiation, becomes in the order of 10 4 in the extreme near-field regime (i.e., 5.31 × 10 −4 λp, where λp is the plasma wavelength), where heat transfer is dominated by polariton-like waves. Similar enhancement mechanisms of radiative heat transfer in near field were also found in different types of metamaterials, such as chiral metamaterials (Cui et al., 2012) and SiC sphere-embedded potassium bromide , confirming that the presence of negative magnetic permeability in metamaterials is beneficial in enhancing near-field thermal radiation. More recently, hyperbolic metamaterials were also studied for potentially enhanced near-field radiation (Biehs et al., 2012) .
EXPERIMENTAL OBSERVATIONS OF NEAR-FIELD RADIATIVE HEAT TRANSFER
Due to difficulties in maintaining the nanoscale gap distance between the emitter and the receiver, experimental investigations of near-field thermal radiation have been rather limited. Cravalho et al. (1966) , Domoto et al. (1969) , and Hargreaves (1969) were among the first to measure the radiative flux of two parallel plates at cryogenic temperatures. Domoto et al. (1969) measured the radiative heat transfer at cryogenic temperatures between two copper plates at gaps from 1 to 10 µm. While the near-field heat transfer was 2.3 times greater than that of the far field, the measured heat flux was only 3% of the energy transfer between blackbodies. Hargreaves (1969) measured the near-field heat transfer between two chromium plates separated by vacuum gaps from 6 to 1.5 µm. At 1.5 µm vacuum gap, the near-field heat transfer at room temperature was five times greater than that in the far field. However, the measured heat flux was still only 40% of that between two blackbodies. In 1994, Xu et al. (1994) tried to measure near-field radiative heat transfer through a sub-micrometer vacuum gap by using an indium needle of 100 µm in diameter and a thin-film thermocouple on a glass substrate, but could not observe a substantial increase of radiative heat transfer. On the other hand, Muller-Hirsch et al. (1999) found that near-field radiation plays an important role in heat transfer between a STM thermocouple probe and a substrate. However, due to the limit of their experimental setup, they were not able to determine the absolute value of near-field thermal radiation. This limit was overcome in their following work (Kittel et al., 2005) by successfully calibrating the STM thermocouple probe, demonstrating the d −3 dependence in the near-field thermal radiation from the surface to the thermocouple tip of R = 60 nm when the gap is larger than 10 nm. However, for gaps less than 10 nm, the measured heat flux saturates and differs from the divergent behavior of the predicted results. The authors attributed this difference to the spatial dependence of the dielectric function of materials.
Continuous efforts have been made to experimentally demonstrate the near-field enhancement of energy transfer for other relatively simple geometries, such as parallel plates separated by micro-particle spacers (Hu et al., 2008) and microsphere-plate geometry Shen et al., 2009; Rousseau et al., 2009; Shen et al., 2012) . The thermal conductance of near-field radiation was successfully measured for a gap distance as small as 30 nm by using a vertically aligned bimetallic AFM cantilever having a silica or gold-coated silica microsphere at the free end. The plate was heated to produce a temperature difference ∆T between the sphere and the plate, typically on the order of 10−20 K, leading to the near-field radiative heat flux of the order of nanowatts. In order to measure such small heat flux, the measurement was conducted in a vacuum condition (∼10 −6 mbar). Nearfield thermal radiation was measured by monitoring the deflection of the bimetallic cantilever, which has a minimum measurable temperature of 10 −4 −10 −5 K and a minimum detectable power of 5×10 −10 W . Comparison of their measurement with the Derjaguin approximation confirms that the near-field thermal radiation between the microsphere and flat surface is more than two orders of magnitude larger than that of blackbody radiation and has d −1 dependence. At a 30 ± 5 nm gap, the heat transfer coefficient was measured to be ∼400 W/m 2 -K for Au-Au, which is around 4 times smaller than that for SiO2-SiO2 and much greater than the blackbody radiation limit of ∼5 W/m 2 -K (Shen et al., 2012) . Although the enhancement of near-field radiative heat transfer between SiO2 surfaces can be explained with strong coupling of surface phonon polaritons (Shen et al., 2009) , the radiative heat transfer enhancement for the Au-Au case is somewhat counterintuitive since metals are highly reflective for infrared lights. However, the theoretical study of near-field radiation between metals reveals that although metals are highly reflective, thermal radiation emitted from the hot surface experiences multiple reflections in a nanoscale gap until eventually absorbed by the cold surfaces (Chapuis et al., 2008b) .
APPLICATIONS OF NEAR-FIELD RADIATIVE TRANSFER
Manipulation of Radiative Properties
Controlling the radiative properties has important applications in photonic and energy conversion systems such as solar cells and solar absorbers, thermophotovoltaic (TPV) devices, radiation filters, selective emitters, photodetectors, semiconductor processing, and optoelectronics Basu et al., 2007; Zhang et al., 2003; Zhu et al., 2009) . The performance of various devices can be greatly enhanced by the modification of the reflection, transmission, absorption and emission spectra using one-, two-, or three-dimensional micro/nanostructures. Surface microstructures can also strongly affect the directional behavior of absorption and emission due to multiple reflections and diffraction, allowing the radiative properties to be tailored. Because of the important applications to energy transport and conversion, the study of engineered surfaces with desired thermal radiative characteristics has become an active research area.
As briefly introduced in the previous section, photonic crystals have been studied to control the thermal emission to be wavelengthselective ( For the application as wavelength-selective diffuse TPV emitters and infrared detectors, Chen and Zhang (2007, 2008) proposed the concept of complex gratings whose surface profile is superposed by two or more 1D grating profiles. The complex grating may improve simple 1D gratings by reducing the sharpness in the spectral peak and the directional sensitivity. Moreover, heavily-doped silicon complex gratings exhibit a broad band absorptance peak that is insensitive to the angle of incidence by properly choosing the carrier concentration and geometry. The peak wavelength can be engineered by changing either the height of the ridges or the period. Such a type of absorptance peak comes from the SPP excitation and is dominated by the first evanescent diffraction order.
Recent studies on periodic gratings have revealed that localized magnetic polaritons (MPs), which are responsible for extraordinary transmission in metamaterials (Liu et al., 2006 (Liu et al., , 2009 , can also occur in periodic gratings to significantly alter the thermal radiative properties of the structure (Lee et al., 2008c) . Figure 13 illustrates the effect of MP for a deep grating structure ). The induced current flow, shown as red arrows, in the 1-D grating can be modeled by an equivalent LC circuit model shown in Fig. 13(a) and the included inset. The contour plot of 1 − R, or the sum of the transmittance T and absorptance α, as a function of ω and kx is shown in Fig. 13(b) . The radiative properties of considered structure are calculated with the rigorous coupled-wave analysis (RCWA) (Lee et al., 2008b) predicted resonance frequency from the LC model for the fundamental mode (MP1) is illustrated as triangles. Excellent agreement between the LC model and the RCWA results further confirms the mechanism of magnetic resonance. The bright bands indicate usually a strong transmission, but can also be associated with a strong absorption, due to the resonance behavior of SPPs or MPs. The inclined line close to the light line, which is then folded due to the Bloch-Floquet condition in the gratings, is associated with the excitation of SPP at the Agvacuum interface. Several relatively flat dispersion curves correspond to the fundamental, second, and third modes of MPs and are marked as MP1, MP2 and MP3 in the figure. The flatness of MP dispersion curves indicates their unique feature as directional independence. The directional independence of MPs can be understood by the diamagnetic response, as the oscillating magnetic field is always along the y-direction no matter what incident angles is for TM waves. It should be noted that, the cavity-like resonance or coupled SPPs were previously proposed to explain the resonance phenomenon in simple gratings, but MPs seem to more quantitatively account for the geometric effects on the resonance conditions . Another potential application of the MPs is the construction of coherent thermal emission sources. It has been demonstrated that a nanostructure consisting of a periodic metallic strips separated by a thin dielectric layer over an opaque metal film exhibits coherent emission characteristics (Lee et al., 2008c; . The coupling of the metallic strips and the film induces a magnetic response that is characterized by a negative permeability and positive permittivity. On the other hand, the metallic film intrinsically exhibits a negative permittivity and positive permeability in the near infrared. This artificial structure is equivalent to a pair of single-negative materials. By exciting surface MPs, large emissivity peaks can be achieved at the resonance frequencies, which are almost independent of the emission angle. This spectrally selective, diffuse thermal emission could be beneficially used for thermophotovoltaics if MPs are excited in the infrared range . To this end, phonon-assisted MPs were also explored by designing deep SiC grating structures, observing similar features as metallic MP couplers .
Near-Field Thermophotovoltaic Energy Conversion
It has been recently reported that the current global energy demand is approximately 14 TW and is expected to double to 25-30 TW by 2050 (Baxter et al., 2009) . When considering the serious energy dependence (i.e., more than 80% of the current energy consumption) on fossil fuels including oil, coal, and natural gas, raising prices of these energy sources and carbon-dioxide-driven global warming will pose a grave threat to the global economy and environment. Thus it is imperative to develop carbon-free, high-efficiency and low-cost renewable energy harvesting and recycling technologies.
Thermophotovoltaic (TPV) energy conversion is an energy harvesting technology that directly generates electric power from thermal sources emitting IR radiation. A TPV system consists of a thermal emitter and a TPV cell that is a p-n junction semiconductor converting radiative energy to electric power (Basu et al., 2007) . Since wasted heat from many industrial processes (e.g., glass manufacturing or power plants) can be used as an IR emission source, TPV systems are considered as one of the promising techniques for the wasted energy recovery and recycling. Moreover, having no moving parts allows quiet and reliable operations in harsh environments, making TPV ideal in military or space applications (Nelson, 2003) . When compared with other solid-state technologies, the energy conversion efficiency of TPV (∼25%, Lin et al., 2003) is higher than those of thermoelectric (<∼15%, Chen, 2006) and thermionic (<∼13%, Lee et al., 2009) devices. However, the TPV efficiency is still low and, more seriously, its low power throughput is a big challenge in applying the TPV for effective energy recycling. Thermal radiation at low working temperatures is not a compelling energy source due to the T DOI: 10.5098/hmt.v4.1.3001
Global Digital Central ISSN: 2151-8629 dependence of the radiative power: for example, the blackbody emissive power at 600 K is only ∼7 kW/m 2 , which is too small for thermal energy harvesting.
One solution for improving the power throughput and conversion efficiency of the TPV system may be to utilize near-field thermal radiation. The feasibility of the near-field TPV system has been investigated by several research groups. Pan et al. (2000) were the first to analyze the performance of near-field TPV systems. However, they used the same dielectric material for both the emitter and TPV cell to calculate the near-field energy enhancement, which is not only overly simplified but also impractical. Whale and Cravalho (2002) considered a more realistic system by using a fictitious Drude material with a low conductivity and InGaAs for the emitter and the TPV cell, respectively. Narayanaswamy and Chen (2003) theoretically demonstrated the effect of surface polaritons in improving the performance of near-field TPV systems. However, their work focused only on the thermal radiation enhancement, leaving questions on the near-field effect on the photocurrent generation. Laroche et al. (2006) provided an analysis on the performance and efficiency of near-field TPV systems based on the assumption of 100 % quantum efficiency in calculating the photocurrent generation; this may result in an overestimation of the TPV system performance. Park et al. (2008) performed a more realistic analysis of the power generation in a nearfield TPV system by calculating the photocurrent generation in different regions of the TPV cell. Francoeur et al. (2011b) developed a coupled near-field thermal radiation and the charge and heat transfer model within the cell and stressed the thermal management issues in near-field TPV systems.
A near-field TPV energy conversion system consists of a TPV cell and the thermal source that are separated with a very small vacuum gap. Figure 14 illustrates a conceptual near-field TPV device used in (Park et al., 2008) , where a tungsten thermal emitter is placed in proximity to a TPV cell within a subwavelength gap distance. In order to demonstrate the operation concept of TPV device, the thermal source is set to be made of tungsten and maintained at TH = 2000 K, so that the characteristic wavelength of thermal emission is around 1.5 µm. As for the TPV cell, In0.18Ga0.82Sb is chosen because its energy bandgap of 0.56 eV is sufficiently low for the thermophotovoltaic energy conversion. Doping concentration of the p-layer is set to 10 19 cm −3 whilst the telluriumdoped n-layer has a doping concentration of 10 17 cm −3 (González-Cuevas et al., 2006) . The concentration gradient of the majority carriers across the p-n junction diffuses electrons from the n-to p-region, and vice versa for the holes. As a result, the depletion region having only ionized dopants is formed, and its width is estimated to be 0.1 µm from the given doping concentrations (González-Cuevas et al., 2006) . When thermal radiation is incident on the TPV cell, photons whose energy is greater than the bandgap energy Eg will generate electron-hole pairs inside the TPV cell. However, some electron-hole pairs generated outside the depletion region will be recombined as they diffuse toward the edge of the depletion region. In order to predict the near-field thermophotovoltaic power generation, Park et al. (2008) first calculated the distribution of radiative energy absorption in the TPV cell due to near-field thermal radiation using the fluctuation dissipation theorem and dyadic Green's function for a multilayered structure, and calculated photocurrent generation in each region to have J λ (λ) = Je(λ)+J h (λ)+ J dp (λ), where J e(h) (λ) is the photocurrent generated in the p(n)-doped region and J dp (λ) is a drift current generated in the depletion region.
The performance of a TPV system can be evaluated through two efficiencies: the quantum efficiency ηq and the conversion efficiency η. The quantum efficiency is the ratio of the number of electron-hole pairs used for the photocurrent generation to the number of photons absorbed. On the other hand, the conversion efficiency (or thermal efficiency) is the ratio of the electric power generated from a TPV cell to the absorbed radiative power. Figure 15 (a) shows the total photocurrents integrated over all wavelengths as a function of the vacuum gap distance. In general, J h is greater than Je due to the large thickness of the n-region. However, when the vacuum gap is very small, i.e., d < 4 nm, Je becomes greater than Je because a significant amount of the near-field thermal radiation is absorbed very close to the surface. The sum of the three photocurrents is used to calculate the electrical power generated by the TPV cell. Apparently, the near-field enhancement occurs in both the thermal radiation and the electric power generation: see Fig. 15(b) . From the calculated near-field thermal radiation and photocurrent, the conversion efficiency of the near-field TPV system can be obtained as shown in Fig. 15(c) . For comparison, the conversion efficiency for the ideal case with 100% quantum efficiency is also plotted. If the quantum efficiency is 100%, all photogenerated electron-hole pairs contribute to the power generation without being recombined during the diffusion to the depletion region. For such case, the conversion efficiency increases as the vacuum gap decreases and can reach as high as 35% when d = 5 nm. The conversion efficiency calculated by considering recombination is lower than the ideal case by 5% to 10%, and experiences a decrease as the vacuum gap further decreases below 10 nm. This efficiency decrease is due to the extremely small penetration depth of evanescent waves on the order of a nanometer: electron-hole pairs generated in proximity to the surface will be subject to more recombination while they move to the depletion region (Basu and Zhang, 2009b ). Figure 15 clearly shows that the near-field TPV can greatly enhance the power generation with approximately 20% conversion efficiency. The power density at the vacuum gap of 100 nm is predicted to be ∼20 W/cm 2 , suggesting that about 65 cm 2 (or 8 cm × 8 cm) of a TPV cell could generate enough electric power that meets the demand of one US household, i.e., monthly average of 958 kWh in 2010 as reported by the US Energy Information Administration (http://www.eia.gov). However, it should be noted that this prediction is based on the semi-infinite tungsten emitter maintained at 2000 K, assumed as a reservoir, and thus energy required to maintain 2000 K was not taken into consideration. Another issue is that temperature increase of the TPV cell due to thermalization of high-energy charge carriers was not considered although it will adversely affect the performance of the TPV cell. Together with the promising results, these limiting factors strongly suggest the nearfield effect on the TPV energy conversion should be experimentally and fundamentally investigated to validate the theoretical prediction of the device performance. However, it remains extremely challenging to design and fabricate a near-field TPV system, particularly in keeping a large area within a sub-100-nm vacuum gap with good parallelism. Although Fig. 15 The effect of vacuum gap width d on (a) the local current generation, (b) the absorbed radiative power and electrical power generation, and (c) the conversion efficiency. The conversion efficiency for ηq = 100 % is also plotted for comparison (Park et al., 2008) .
near-field radiation has been experimentally verified, as discussed in the previous section, only near-field thermal radiation between a sphere and flat substrate has been measured near room temperature (Kittel et al., 2005; Shen et al., 2009 Shen et al., , 2012 Rousseau et al., 2009) . Nanoscale thermal radiation between two flat surfaces has not been experimentally demonstrated despite several attempts in the past (Domoto et al., 1969; Hargreaves, 1969; Xu et al., 1994) . Considering that the sphere-to-substrate case is not the adequate geometry for a nearfield TPV system, parallelism between two flat surfaces with a small gap distance must be realized for the development of the near-field TPV system. Recently, Ottens et al. (2011) demonstrated near-field effect on the radiative heat flux between flat sapphire plates separated at a distance as small as 1-2 µm. DiMatteo et al. (2003) suggested using tubular spacers between the emitter and TPV cell to realize a sub-micron vacuum gap and also to prevent parasitic conduction heat transfer between the thermal emitter and the TPV cell. Based on previous research results, their concept is in the phase of commercialization (http://www.mtpvcorp.com): the first generation module that generates the current density of 1 W/cm 2 has been developed, being anticipated to advance it to 40 -50 W/cm 2 within two years.
Tip-Based Applications Using Near-Field Thermal Radiation
Highly enhanced near-field thermal radiation between a tip and substrate has been used to develop novel scanning probe microscopies and spectroscopies. De Wilde et al. (2006) has developed thermal radiation scanning tunneling microscopy (TRSTM), which is a scattering-type near-field scanning optical microscopy (NSOM) in the infrared spectrum (Tersoff and Hamann, 1985) , but without any external illumination. When a goldcoated tip scans over a heated SiC samples with gold patterns, thermally excited surface waves in the infrared, i.e., SPPs on gold and SPhPs on SiC, are near-field interacted and scattered by the tip. By measuring the scattered thermal emission with a HgCdTe detector, they could achieve the near-field image of the sample along with the AFM topographic image. In fact, TRSTM can measure the electromagnetic local density of states (LDOS) at a frequency that can be defined by a suitable filter: this is analogous to the scanning tunneling microscopy that probes the electronic LDOS (Tersoff and Hamann, 1985) . Recently, Jones and Raschke (2012) reported another exciting tip-based metrology utilizing near-field thermal radiation. By combining scattering-type NSOM with Fourier-transform spectroscopy and using a heated atomic force microscope tip as both a local thermal source and scattering probe, they obtained the midinfrared spectrum of thermal near-field scattered from the tip with the spatial resolution of ∼50 nm. The developed thermal infrared nearfield optical spectroscopy can measure a highly localized spectral nearfield energy density change associated with vibrational, phonon, and phonon-polariton modes of a substrate, enabling broadband chemical nanospectroscopy without the need for an external excitation source. In addition to nanoimaging and nanospectroscopy instrumentations, tip-induced near-field radiation can be beneficially used for laser-based processing and structuring of materials at the nanoscale, in the order of ∼50 nm or smaller. Upon illuminating a silicon tip or a metalcoated tip with a femtosecond laser, electromagnetic fields will be highly concentrated at the tip apex due to the optical antenna effect (Au et al., 2008; Schuller et al., 2009) and the excitation of localized surface polaritons (Chimmalgi et al., 2003; Milner et al., 2008) . This EM field concentration may cause surface modification either through a hot tip interaction with a surface, leading to the melting/evaporation of the material (Kirsanov et al., 2003) , or EM field enhancement under tip triggering the material ablation (Chimmalgi et al., 2003; Milner et al., 2008) . When compared with other tip-based nanomanufacturing technologies, such as dip-pen nanolithography (e.g., Piner et al., 1999) , thermal tip-based processing (e.g., Pires et al., 2010; Lee et al., 2010; Wei et al., 2010) , and chemomechanical nanoscale patterning (e.g., Wacaser et al., 2003; Liu et al., 2004) , the laser-based nanoscale material processing has a compelling advantage in manufacturable materials: its high energy concentration enables the nanoscale ablation and deposition of high melting-point metals, such as Au and FeCr (Chimmalgi et al., 2003; Kirsanov et al., 2003; Milner et al., 2008; Grigoropoulos et al., 2007) . Moreover, the tip-induced scattering of laser beam could be collected to enable nanoscale optical imaging of the surface under fabrication, which will help the post-processing examination. Slow speed and low throughput still remain as challenging issues to be overcome for further advances of tip-based nanomanufacturing. However, various schemes are being proposed to operate multiple probes in parallel (Minne Frontiers in Heat and Mass Transfer (FHMT), 4, 013001 (2013 ) DOI: 10.5098/hmt.v4.1.3001 Global Digital Central ISSN: 2151 -8629 et al., 1998 Vettiger et al., 2002) at high speeds (Ando, 2012) , which will enhance throughput by more than two orders of magnitude.
Radiation-Based Thermal Rectification
Thermal rectification has recently attracted great attention since it could allow heat to flow in a preferred direction, and may have promising applications in thermal management and energy systems. Solid-state thermal rectifiers can be realized by asymmetric geometric or interface arrangements, dissimilar materials with different temperature-dependent thermal conductivity, and quantum structures (Stevenson et al., 1990; Li et al., 2004; Chang et al., 2006; Dames, 2008; Hu et al., 2009; Wu and Segal, 2009; Roberts and Walker, 2011) . While most solidstate thermal rectifiers are based on the nonlinear phononic, electronic or mechanical properties of materials near the interfaces, a photonic device may be advantageous for obtaining large rectification factors over a broad temperature range. Near-field radiation has been theoretically demonstrated for potential application as thermal rectifiers between planar structures (Otey et al., 2010; Iizuka and Fan, 2012; Basu and Francoeur, 2011a; Wang and Zhang, 2013) . The basic concept is based on the different temperature dependences of the dielectric functions ε1 and ε2 of the two materials as shown in Fig. 1 . The forward heat flux q forward = q 12,net refers to the situation when medium 1 is at a higher temperature T1 = TH and medium 2 is at a lower temperature T2 = TL. The reverse-bias heat flux q forward = q 21,net refers to the situation when T1 = TL < TH = T2. Thermal rectification factor or simply thermal rectification is defined as (Dames, 2008; Wang and Zhang, 2013 )
which depends on the materialâȂŹs choice as well as both TH and TL. Otey et al. (2010) theoretically obtained a rectification factor R = 0.41 by considering two SiC plates of different phases, an isotropic 3C-SiC plate and a uniaxial 6H-SiC plate, at TH = 600 K and TL = 300 K with a separation distance less than 100. The dielectric functions of SiC with different crystalline structures exhibit different temperature dependence, particularly due to the fact that the resonance frequencies of the two structures of SiC varies with temperature in opposite directions. This allows photon tunneling to be enhanced when the two resonance frequencies of SPhPs at each interface become closer. Iizuka and Fan (2012) studied the thermal rectification between coated and uncoated SiC plates, and optimized the permittivity and thickness of the coating to achieve a maximal rectification factor of 0.44 when the high and low temperatures are 500 K and 300 K, respectively. Basu and Francoeur (2011a) considered a thin Si film and a semi-infinite Si medium with different doping levels and obtained R = 0.51 at d = 10 nm with only 100 K temperature difference between the two media. Photon-mediated thermal rectifiers may be applicable to a large temperature range. Wang and Zhang (2013) investigate the thermal rectification effect enabled by near-field radiative heat transfer between intrinsic silicon and several dissimilar materials including doped Si, SiO2, and Au. The temperature-dependent properties of doped Si were taken from (Fu and Zhang, 2006) . For Au, the Drude model was used and scattering rate is treated as proportional to temperature due to electron-phonon scattering. At elevated temperatures, free-carrier absorption becomes important in intrinsic Si due to the thermally excited charge carriers. When the intrinsic Si is at a temperature of TH = 1000 K and the doped Si is at a temperature of TL = 300 K, the dielectric functions of both media are dominated by free carriers, resulting in greatly enhanced heat flux, particularly as the vacuum gap is at the nanoscales. In the reversebias scenario, the intrinsic Si at 300 K behaves like a non-absorbing medium at wavelengths longer than 1.1 µm, except for some weak phonon absorptions. As shown in Fig. 16(a) , the reverse heat flux is much lower at nanometer scales. Rectification factors R = 0.71, 2.7, and 67 were predicted at d = 10, 5, and 1 nm. The strong enhanced near-field (Wang and Zhang, 2013) . (a) intrinsic Si versus heavily doped Si (n-type with a doping concentration of 10 18 cm 3 ) at temperatures of TH = 1000 K and TL = 300 K. (b) Au (as medium 1) and intrinsic Si (as medium 2) at TH = 600 K and TL = 300 K for varying vacuum gap d. (c) Au versus intrinsic Si at d = 100 nm and TL = 300 K for varying TH.
radiation for forward bias is attributed to coupled SPPs (Wang and Zhang, 2013; Basu et al., 2010b) .
The calculated heat fluxes and rectification between Au and the intrinsic Si are shown in Fig. 16(b) with TH = 600 K and TL = 300 K. Since the emitter temperature is much lower (600 K compared to 1000 K) and the coupling of non-resonant evanescent waves between Au and intrinsic Si is weaker, the heat fluxes are several orders lower than that between intrinsic Si and doped Si. Interestingly, the rectification factor R between Au and intrinsic Si is nearly the same for 10 nm < d < 500 nm, between 0.82 and 0.85. As the emitter temperature TH increases, as shown in Fig. 16(c) for d = 100 nm, the rectification factor can be further enhanced, e.g., R = 1.84 for TH = 1000 K, indicating almost twice as much heat can be transferred from Au (1000 K) to intrinsic Si (300 K) than vice versa. The thermal rectification between Au and intrinsic Si may facilitate thermal management and heat control at intermediate temperatures with relatively large vacuum gaps.
SUMMARY AND OUTLOOK
This article reviews recent achievements of near-field radiative heat transfer research from fundamental to application perspectives. Contrary to far-field thermal radiation carried by propagating EM waves, radiative heat transfer in the near field is dominated by evanescent EM waves (or surface waves) and photon tunneling. Based on the flucutational electrodynamics, the contributions of such near-field phenomena to thermal radiation are discussed for semi-infinite planar structures. Nearfield thermal radiation is influenced by the vacuum gap and radiative properties of materials. For example, when doped Si plates are placed in proximity, the free carriers caused by dopants in Si give rise to fluctuating currents that result in significant augments in the net radiative energy flux. The excitation of surface polaritons plays a key role in the enhancement of near-field thermal radiation. In ideal but not realistic materials, the maximum near-field thermal radiation, would occur when surface polaritons were excited at all wavelengths within extremely small gap distances on the order of one nanometer. Surface waves are also responsible for the extremely small penetration depth and the laterally shifted energy flow of near-field thermal radiation between planar structures.
Besides the semi-infinite media, near-field radiative heat transfer between various geometrics has been theoretically investigated. Mathematical and computational challenges in solving stochastic Maxwell's equations for objects with arbitrary geometries have been addressed by implementing certain approximations, such as dipole, multipole, and proximity approximations, or by applying the molecular dynamics numerical scheme. Various geometrical configurations, including spheresphere, sphere-plane, cylinder-cylinder, and cylinder-plane cases have been investigated to reveal the geometry-dependence of near-field radiative transfer. However, there are discrepancies in the obtained gap dependence of near-field thermal radiation between different numerical schemes; this is an issue that demands further research. Near-field radiative heat transfer in emerging materials, such as graphenes, photonic crystals, and negative-index metamaterials, has become a very interesting research topic. It has been theoretically shown that unique radiative properties of such materials, e.g., the tunability of surface polariton excitation frequencies in graphenes, the photonic band gap in photonic crystals, and the negative refractive index in metamaterials, could further enhance near-field thermal radiation.
Despite significant progress in the theory of near-field thermal radiation, quantitative measurements have remained a challenge at nanometer distances. During the past few years, some meaningful measurements have been made in the sphere-plane configuration to validate the theoretical predictions. However, measuring near-field heat transfer between two flat surfaces at the nanometer distances is extremely challenging due to surface roughness and nonparallelism of the plates. Several suggestions have been made to achieve good parallelism between two planar surfaces by placing micro/nanospacers between plates or by feedbackcontrolling the emitter position, but experiments were successful only in the micrometer range. Since the experimental investigation on near-field thermal radiation between flat plates is crucial for the development of near-field TPV devices, innovative approaches that can overcome these barriers need to be designed and developed. Experimental investigations using emerging materials have not been scrutinized yet, although the material selection is critically important for manipulating near-field thermal radiation.
Among many potential applications utilizing near-field thermal radiation, including the manipulation of the radiative properties, nanoscale imaging and analysis, and thermal rectification, near-field TPV holds great promise as a novel renewable energy harvesting technology. Theoretical studies have revealed that the power throughput of the near-field TPV can be enhanced by 1-2 orders of magnitude due to near-field effects with approximately 20 % conversion efficiency. However, there remain issues that must be addressed. The cost of TPV systems should be reduced by developing inexpensive alloys for TPV cells and achieving a cost-effective vacuum sealing with good parallelism. Effective cooling systems need to be developed in order to prevent overheating of the TPV cells. Efforts are also needed to recycle the unusable photons back to the emitter. More importantly, a second-law thermodynamic analysis of TPV systems is required in order to establish the fundamental achievable efficiencies to guide future TPV development. Since the radiation entropy in the near-field regime has not been clarified yet, a satisfactory thermodynamic second-law interpretation of near-field thermal radiation does not exist. Non-equilibrium entropy needs to be employed to develop thermodynamic relations for near-field radiation and to provide a secondlaw analysis of photon tunneling and surface polariton phenomena.
Improvement in computational resources, ever-advancing micro/ nanofabrication and nano-instrumentation techniques, and the unprecedented growth in materials science have created compelling opportunities in the fundamental research and applications of near-field radiative heat transfer. The field of nanoscale radiation keeps growing with excitement, providing a deeper understanding of the interplay among optical, thermal, mechanical, and electrical properties of materials at the nanoscale. The understanding of near-field interactions can also help design systems for far-field applications. The authors strongly believe that near-field thermal radiation will be beneficially used for novel applications in biological sensing, materials processing and manufacturing, and energy systems in the near future.
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